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250,000 to 500,000 people newly injured each year [1] . In the United States, the National Spinal Cord Injury Statistical Center (NSCIS) estimates that approximately 17,000 new cases of SCI occur each year [2] . Less than 1% of SCI patients experience a complete neurological recovery by hospital discharge [2] , thus SCI is life event which leads to lasting, often substantial, alterations in the health and well-being of the patient. As the average age of incurrence of a SCI is 34.9 years old [3] , these changes affect the patient throughout their entire lifetime. Consequently, research designed to better understand the pathobiology and develop novel treatment approaches for SCI is of great significance at the global level as well as at the level of the patient and caregiver.
In recent years, SCI researchers have predominately utilized rodents for preclinical SCI modeling and experimentation. Importantly, many insights into the pathobiology of SCI as well as a growing number of novel treatment strategies have come from rodent models. [4] . Unfortunately, preclinical testing in rodents has generally failed to predict the results of clinical trials, suggesting that additional steps are needed for successful translation of new therapies. One option for improving translation is the use of a translational intermediary model in large animal species with greater similarity to human than rodent [5, 6 ] and a porcine model of SCI has been recently developed for this purpose [7] . Porcine models of human disease have been strong predictors of clinical therapeutic efficacy because of their similarity with humans [8, 9] . Importantly, the pig nervous system is nearly the same size as that of the human, has similar blood flow, and includes gray and white matter ratios and a gyrencephalic brain similar to those of the human CNS [10] . Interestingly although the spinal column anatomy in the pig is well characterized [11] [12] [13] [14] , much less is known regarding the spinal cord anatomy [12, 15] .
Interestingly, spinal cord anatomy differs significantly between rodents and humans. In particular, the location of the motor spinal tracts which innervate the limbs of the body demonstrate the greatest variance [16] . [17] In humans the major descending spinal tract, largely responsible for voluntary motor control, is the lateral corticospinal tract (CST), known to run laterally within the white matter of the spinal cord before terminating within the ventral horn at each level [18] . Conversely, within rodents the CST is contained within the dorsal white matter of the spinal cord closely bound by the gray matter of the dorsal horns [18, 19] . This species variation likely has significant implications for the pathology, lesion characteristics, and resultant functional outcomes after SCI, particularly in models that use a dorsal approach. There is some evidence that the CST in pigs is located in a lateral position, more similar to the human CST [20] . Evidence for laterally located motor tracts in the porcine spinal cord was found by Skinner and Transfeldt [20] , who demonstrated that transected lateral white matter, but not dorsal column white matter, resulted in a loss of transcranial and spinal cord motor evoked potentials. These results suggest that the motor tracts are therefore located within the lateral white matter more similar to that of human anatomy. However, such an assumption has not yet been confirmed using anatomical tracing. Consequently the goal of this study is to investigate the localization of the CST within the porcine spinal cord using tract tracing.
Methods and Materials

Animals
All procedures were conducted in accordance with National Institutes of Health guidelines and approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham (IACUC-20050). Adult female domestic pigs (n=4), approximately 6 months age and weighing 60kg were used (Snyder Farms). Animals were acclimatized for one week prior to inclusion within the study. On the day of surgery, animals were anesthetized with telazol (4.4mg/kg) and xylazine (4.4mg/kg) i.m, intubated and ventilated (9-10breaths/minute at 15-20ml/kg). Anesthesia was maintained throughout the entire surgical process including during magnetic resonance imaging (MRI) with isoflurane (2-3%).
StealthStation® System
Image-guided surgery was performed using the StealthStation® system (Medtronic; Minneapolis, USA).
Briefly, this system incorporates radiological images to enable frameless stereotaxic injections during real-time surgical navigation. The StealthStation® system consists of a computer workstation with radiological image-processing software (Mach 3.0) and an optical digitizing camera which recognizes infrared emitting diodes (IREDs). This system and its application within the current study will be described below.
Magnetic Resonance Imaging (MRI):
Prior to imaged-guided surgery, MRI scans were obtained using a Phillips 3.0T MR machine and SENSE cranial coil. The scans were performed using a coronal T1 weighted 3D ultrafast spoiled gradient echo sequence with the following parameters; FOV=530 x 530 mm 2 , TR/TE=4.0/0.75msec, flip=1˚, slice=3mm, in-plane resolution=5.52x5.52 mm and duration=4.44sec. The corresponding Digital Imaging and Communications in Medicine (DICOM) files were then imported onto the StealthStation® computer. The computer software application then reformats the images and displays them on screen in axial, sagittal and coronal perspectives. Using these images, surgical plans were then determined in which the target (motor cortex) and entry sites for the injections were selected, as shown in Figure 1 . The region of the motor cortex was determined using landmarks as outlined in a previously developed three-dimensional digital porcine atlas [21] .
Co-Registration:
In order for the magnetic resonance images to relate to the animal in real-time, a process called "co- positioned to capture the surgical field) to determine exactly where the pointer probe is located in space. By analyzing the relationship between the fiducials within the images and the correlating fiducials on the anatomy, the software computes a spatial map which matches every point in the image with its corresponding point on the animal's anatomy.
Dynamic Referencing:
To ensure that any movement of the animal did not invalidate the produced spatial map, a "reference arc" with equally spaced IREDs was securely attached to the animal's cranium using a Mayfield skull clamp (Medtronic), as demonstrated in Figure 2B . The IREDs then indicate the animal's position to the computer software via the optical digitizing camera. Subsequently, any movement is detected and the spatial map is correspondingly adjusted.
Surgical Approach
All surgical procedures were performed in a sterile environment using sterile techniques. Following completion of the StealthStation® setup, the fiducials were removed and the animal's cranium was Each injection consisted of 5L at 3 different depths administered over a 5 minutes followed by 2 minutes of the needle remaining in situ before being removed. Once complete the surgical procedure was repeated in the remaining hemisphere with remaining tracer (either 488 or 594), providing replication of CST tracing within each animal. The tracers were randomized to either the left or right hemisphere for each surgery. Once both surgeries were complete, the burr hole craniotomies were sealed with bone wax (Ethicon, Cat #W31G), and the incision closed. Local analgesic (Marcaine; 0.5% solution 1mg/kg) was administered to the area around the incision. Anesthesia was ceased and animals extubated once spontaneous respiration occurred. Animals were allowed to recover in a warmed room and once awake and ambient were returned to their home cage. and transversely (caudal half). The brain was sliced into 1cm coronal segments and embedded with the anterior surface facing upwards. All tissue was then serial sectioned at 50µm thickness using a cryostat (Leica Instruments, Nusloch, Germany) and mounted on 1% gelatin-coated slides. Slides were allowed to dry overnight before being washed in 0.1M phosphate buffer for 10 minutes, followed by 2 washes in doubled distilled water for 5 minutes each. Slides were again dried overnight and then cover slipped with Vectorshield hard set mounting medium (Vector Laboratories, Cat #H-1500).
Tissue Preparation
Microscopy and Mapping of CST
Fluorescent Microscopy
Transverse sections were assessed on an Olympus BX-51 microscope linked to a MicroFire ® true color CCD digital camera (Optronics, Goleta, USA). Fluorescent positive axons were tagged using Visiopharm software (Visiopharm; Hoersholm, Denmark) at 40x magnification. At lower magnification (4x) the region of tagged axons was then viewed in relation to the spinal cord anatomy. Subsequent spinal maps were drawn to demonstrate the region of positive axons that represent the CST.
Confocal Microscopy
A confocal microscope unit (Nikon A1 High Speed Laser Confocal, 20x dry, or 40x and 60x oil immersion objective lenses; Tokyo, Japan) was used to document the location of the CST within the spinal cord.
Representative images of the transverse and longitudinal spinal cord and the brain injection site were captured.
Locomotor Assessment
Whilst it was anticipated that the surgical injection of the fluorescent dextran tracers would not cause any motor deficits, motor function was assessed to ensure no motor deficits were observed. The Porcine Thoracic Injury Behavior Score (PTIBS) as previously described, [7] was used to assess motor function prior to surgery and at 1 day and 4 weeks post-surgery. Briefly, animals were trained to walk along a rubber mat placed on the floor (width 1.2m. length 5m), with food rewards at either end. Video recordings from 4 opposing angels at the investigated time points (pre-surgery, and 1 day and 4 weeks post-surgery) were assessed.
Results
Fluorescent and confocal microscopy qualitative assessment of the spinal cord slices showed fluorescent axons to be found predominantly within the medial portion of the lateral white matter, bordering the 
Discussion
The results of this study demonstrate the lateral localization of the CST in domestic pigs, using tract tracing techniques. Porcine models of SCI, particularly those using minipigs, are becoming increasing prevalent to aid improving clinical translation of promising rodent investigations. It is notable that we evaluated only domestic pigs in the current study, and that strain differences may be present between the domestic pig (mixed breed) and various minipig strains (i.e. Yucatan or Gottingen). Determining the location of the CST in pigs is imperative, given that significant differences in CST location are well documented between humans and rodents, and that such species variation may be contributing to the lack in translational outcomes from rodent studies. The current study demonstrates that the porcine CST is indeed located within the lateral white matter, more similar to that of humans as compared to rodents.
Whilst our study demonstrates a more similar location of the CST between pigs and humans, certain discrepancies were observed. Importantly, it was observed that the CST, as traced here, does not descend beyond the cervical levels. There are at least two main interpretations of this finding. First, it is important to note that our use of the image-guided real-time surgical manipulation for tracer injection enabled a high level of precision. However, we injected the tracers into a small segment of the motor cortex and therefore have only labeled a sub-portion of the CST, perhaps only detailing structures which terminate in the upper spinal cord. To the best of our knowledge, there is not a homunculus for the porcine motor cortex. Thus, the somatotopic organization of the porcine motor cortex remains uncharacterized. Future studies will evaluate the hypothesis that there is a body plan to the motor cortex in pigs, as has been documented in primates [22] and then will focus injection of tracers for each body segment. A second interpretation of our current data is that the CST may indeed terminate in the lower cervical spinal cord in pigs. There is supported by the neuroanatomy of other ungulates, with projection of the CST not observed beyond the cervical level in goat, cow, deer and sheep [23] . The functional role of the CST in ungulates, who require little fine motor control, may therefore be of little significance, especially when considering motor control of the hindlimbs. Furthermore, only minimal paresis is observed when the CST is impaired in dogs [24] , therefore injury to the isolated CST in ungulates would likely demonstrate even fewer motor deficits, suggestive that the CST does not play a significant role in motor control of pigs. Such a situation is unlike humans, thus the question of which descending pathway is responsible for hindlimb movement remains. Numerous animal studies have demonstrated that the CST may not be the only projection via which motor movement is controlled, despite the bulk of the CST arising from the primary motor cortex [25] . Alternative descending spinal pathways such as the rubrospinal tract (RST), reticulospinal tract (RtST), and vestibulospinal tract (VST) are likely candidates. In relation to body size the RST in both even and odd-toed ungulates is significantly larger than that observed in humans [23] , suggesting a more prominent role in motor control.
Rodents have long been the most frequently utilized animal models for investigation of SCI pathophysiology and identification of novel intervention. However, there is considerable evidence now that numerous descending tracts play a role in rodent motor function [26, 27] . Indeed, studies have
shown that injury to either the rodent RST, CST or a combination result significant motor impairment [26] [27] [28] [29] [30] . Furthermore it has been observed that isolated injury to either the RST or CST resulted in recovery of motor function, whilst injury of both resulted in permanent loss of motor function [31] . Such studies imply that there is combined innervation of motor function between the multiple motor tracts and that plasticity of each may enhance the recovery when one is damaged. Indeed the RST in rodents
has been shown to demonstrate plasticity, compensating for the loss of CST innervations following a transection model [32, 33] . Such plasticity is rarely observed following human SCI [34] .
The RtST has additionally been shown to play a significant role in locomotion control and thus may represent a further candidate for the innervation of hindlimb control in pigs. Historical studies by
Lawrence and Kuypers [35, 36] demonstrated that in primates bilateral lesions of the CST resulted in immediate paralysis, though gross locomotor function returned over time. This indicates that in primate models the CST may play a reduced locomotor role than compared to humans. Lawrence and Kuypers [36] further found that lesions to the lateral brainstem, comprising mainly the RST, led to a loss of hand grasping, whilst locomotor movement was preserved, indicating that the RST in primates does not play a major role in hindlimb locomotion. However when the medial brain stem region was lesioned,
containing descending systems such as the RtST, severe impairments of locomotion was observed.
Interestingly, more recent studies have implicated the RtST in the functional recovery of locomotion following SCI. Following a hemisection model of SCI in rats, increased sprouting of spared RtST fibres were associated with improved locomotion [37] . Furthermore, following thoracic spinal lesions to the RtST in cats, mild lesions demonstrated quick functional recovery attributed to spared RtST fibres, whilst severe lesions demonstrated prolonged deficits with greater time to recovery [38] . Such studies suggest that alternative descending pathways may be responsible for the innervation of hindlimb locomotion in pigs, though the specific role of each pathway has not yet been determined and thus requires further investigation. Regardless of the specific pathway responsible, the multifarious innervation of hindlimb motor control and increased plasticity in rodents represents a significant difference to humans that may impede translation of functional motor outcomes to humans.
In contrast to rodents, our study has demonstrated that the CST as labeled in our study does not descend beyond the cervical level and as such innervation of the hindlimbs may be controlled by a single predominant pathway. This represents a more similar situation to humans, in which the CST predominantly provides descending control of voluntary movements, with little or no innervation provided by the RST [18] . Indeed a recent study using diffusion tensor imaging to identifying the RST in healthy human adults could only do so in 64.28% of the participants [35] , providing further evidence that the RST in humans is not of great significance, with greater reliance placed on the CST. The opposite may therefore be true in a porcine model, with the RST or RtST playing a greater role in the control of hindlimb movement compared to the CST. Regardless of the innervation, such functional neuroanatomy, where potentially a single or dual pathway provides the predominant innervation of the hindlimbs, demonstrates greater similarity to that of humans, and perhaps explains the lack of spontaneous motor recovery observed in both humans [34] and pigs [7] following injury to the spinal cord. This therefore suggests that the porcine model of SCI may be an important tool for improving translation of potential therapeutics, particularly when motor function is a key outcome measure.
We acknowledge that the results of the current study are qualitative and that further investigations are required to provide precise mapping of the somatotopic organization of the CST in pigs, though this remained beyond the scope of the current investigation these experiments are planned. Furthermore analysis of the other main descending motor tracts within in pigs is required to gain greater understanding of motor innervation in this species. Importantly, the current study successfully determined the location of the CST within the porcine spinal cord which demonstrated greater similarity to humans compared to rodents. Subsequently, these results provide further evidence that the porcine model of traumatic SCI may be a key translation tool for preclinical evaluation and effective translation to clinical outcomes. 
